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Tissue engineering is a rapidly developing and highly interdisciplinary field that 
applies the principles of cell biology, engineering and material science. In natural 
tissues, the cells are arranged in a three dimensional (3D) matrix which provides the 
appropriate functional, nutritional and spatial conditions [1]. In scaffold-guided tissue 
engineering, 3D scaffolds provide the critical function of acting as extracellular 
matrices onto which cells can attach, grow, and form new tissue. The main focus of 
this thesis is to understand cell behavior in micro-grooved and ridged substrates and 
to study the effects of geometrical constraints on cell motility and cell function. In this 
study, we found that BAE (Bovine Aortic Endothelial) cells naturally align with and 
are guided along 3D ridges and grooves machined into polymethylmethacrylate 
(PMMA) substrates. Average cell speeds on micro grooves and ridges ranged from 
0.015µm/s (for 12µm wide and 20µm deep ridges) to 0.025µm/s (for 20µm wide and 
20µm deep ridges). This compares with the cell motility rates on a flat PMMA surface 
where the average cell speed is around 0.012µm/s.  In this work we used scaffolds 
which were directly written with a focused proton beam, typically 1 MeV protons 
with a beam spot size of 1×1µm2.  
To analyze the genes involved in the endothelial cell responses associated with 
geometrical constraints, large area scaffolds are needed. In order to extend the 
potential of proton beam writing, studies are underway to implement the hot 
embossing process which will allow faster replication of 3D structures. A Ni stamp 
with a 5×5mm2 pattern of 20, 20, 10 µm for widths of grooves, ridges and their depth 
respectively will be presented.  
ix 
Further development including endothelial cell migration on PMMA substrates with 
four different dimensional grooves/ridges and cell gene expression associated with 
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1.1 Background of tissue engineering 
The new field of tissue engineering can be described as “you start with some building 
material (e.g., extracellular matrix (ECM), biodegradable polymer), shape it as needed, 
seed it with living cells and bathe it with growth factors”. When cells multiply, they 
fill in the scaffold and make up new three dimensional (3D) tissues, and once 
implanted in the body, cells can recreate their intended tissue functions. With blood 
vessel attachment to the new tissues, the scaffold dissolves, and the newly grown 
tissues at last combine with their surroundings. Tissue engineering can also utilize 
naturally derived or synthetic, engineered biomaterials to replace injured or defective 
tissues, such as skin, bone, cartilage and even organs. Today, thanks to this realization 
and the improving research in this area, some of the simpler tissues, for example skin 
and cartilage, have already been used in clinical applications [2]. 
 
1.1.1 Angiogenesis and related diseases 
Just like the construction of nations depends on the roads and waterways built by 
explorers and pathfinders, the body is based on a complex transportation and 
communication network, the vascular system, for growth and development [3]. 
Angiogenesis is defined as the formation of new capillary branches from pre-existing 
blood vessels. Endothelial cells (ECs) form the inner surface of a blood vessel; they 
are surrounded with a layer of extracellular matrix (ECM) and an outer layer of 
smooth muscle cells (SMCs), see Figure 1.1 [4]. Through the process of angiogenesis, 
the important vascular system is built and spread throughout the body’s organs [5]. 
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Figure 1.1 Diagram of a blood vessel 
One of the problems of tissue engineering is the limited size of any newly built tissues 
in a bioreactor, because of the lack of instant blood supply. Endothelial cells are a 
potential candidate to solve this problem since they initiate the formation of new 
vessels which connect to the body’s blood system. If there is a lack of oxygen, these 
cells will secrete chemical signals which stimulate vessel growth into their direction. 
To promote the migration of these cells, one method is to implant an engineered tissue 
within the body to help them grow into a scaffold and form blood vessels [6]. 
Also, a large amount of different diseases are caused by insufficient angiogenesis. 
Therefore, creation of new vasculature is a necessary step in the treatment of the 
abnormal physiology. Among these pathologies are diseases including tissue damage 
after suffusion of ischemic tissue or cardiac failure, where angiogenesis happens 
rarely and needs to be raised to improve disease conditions. While in many other 
diseases, excessive angiogenesis is the reason for the pathology. These diseases 
include cancer (both solid and hematologic tumors), cardiovascular diseases 
(atherosclerosis, restenosis), chronic inflammation (rheumatoid arthritis, Crohn’s 
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disease), diabetes (diabetic retinopathy), psoriasis, endometriosis and adiposity. These 
diseases may be cured by therapeutic inhibition of angiogenesis, see Figure 1.2 [7]. 
 
Figure 1.2 Angiogenesis is pivotal in tissue growth and development. Diseases 
where angiogenesis is excessive (e.g. cancer, arthritis) or insufficient, may benefit 
















Figure 1.3 The angiogenesis process of endothelial cell activation, degradation of 
the extracellular matrix and the basal membrane, the endothelial cell migration 
and proliferation and ultimately differentiation to form a mature and functional 
blood vessel. EC, endothelial cell; BM, basal membrane.  
ACTIVATION MIGRATION PROLIFERATION
 
Figure 1.3 depicts the tumor angiogenesis cascade. It is clear that the new 
microvasculature growing from existing blood vessels is a prerequisite for sprouting 
of tumors over a certain size and for the metastases development. It is generally 
considered that angiogenesis is a complicated process involving 5 major steps: (i) 
existing ECM (basal lamina) degradation, (ii) proliferation of ECs, (iii) migration of 
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ECs, (iv) capillary tube creation, and (v) secretion of new ECM materials to make up 
new basal lamina (also called also called the basement membrane, a proteoglycan and 
glycoprotein sheet secreted by cells to form the ECM) [7, 8]. 
 
1.2 Research scope and aim 
Since the efficient control of angiogenesis process is increasingly essential to help 
organs grow in bioreactors and cure many diseases, it is necessary to understand the 
behaviour of endothelial cells which line the blood vessels. 
In tissue engineering, 3D scaffolds act as extracellular matrices onto which cells can 
attach, grow, and create new tissues. The fabricated scaffolds are usually synthetic 
polymers. It is believed that in the tissue microenvironment, geometric constraints (i.e. 
a scaffold) can play a key role in determining the endothelial cell behaviour, such as 
growth, migration, or death. However, very little work has been carried out on the 
effect of microsubstrate geometry on cell behaviour because of the general 
unavailability of precise 3D substrates production. The work that has been performed 
previously was dependent on optical lithography in order to pattern surfaces. Optical 
lithography is a masked surface machining technique that fabricates a shallow pattern 
in the substrate (usually silicon). In order to extend the pattern to a 3D structure, 
reactive etching is required. The whole process is complicated, and therefore not 
widely available to biomedical researchers. Potentially proton beam writing, as the 
only true direct-write 3D micromachining process, does not need an intermediate step 
to produce a mask of the correct geometry. It uses a focused MeV proton beam to 
write a pattern and subsequently chemically develop the latent structure formed [1, 9]. 
We have previously observed that fibroblast cells attach and grow very well directly 
on the surface of PMMA. Besides, we have shown that simple ridges and grooves of 
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different sizes in the micrometer range produced by proton beam writing on PMMA 
substrates can have profound effect on fibroblast cell behaviour [1]. A follow-up to 
this work is to generate various 3D micro patterns to investigate the effects of 
different substrate geometry and matrix material on the behaviour of endothelial cells 
(eg adhesion, proliferation, migration, cell shape, differentiation and death). To 
analyze the genes involved in the endothelial cells responses associated with 
geometric constraints, large area scaffolds are needed in this project. In order to 
extend the potential of proton beam writing (PBW), studies are also underway to 
implement the hot embossing process which will allow faster replication of 3D 
structures. 
The knowledge achieved from these studies will not only expand our understanding 
into how blood vessels form in vivo, but will also help in the identification of novel 
3D scaffold designs and matrix materials suitable for blood vessel cell growth, 
differentiation and tissue assembly. This knowledge will contribute to the long-term 
goal of stimulation or inhibition of blood vessel formation, which in turn will be 
invaluable for the treatment of many diseases and the manufacture of tissue 
engineered organs. 
 
1.3 Thesis outline  
Chapter 2 introduces the proton beam writing facilities at Centre for Ion Beam 
Applications (CIBA), National University of Singapore. A brief description of the 
instrumentation used for scaffold fabrication, the p-beam writer, is given. Next, 
fundamental concepts about proton beam interactions with materials are described.  
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The fabrication processes of two polymers, thick and thin PMMA, and SU-8 resist are 
discussed in detail. 
Chapter 3 deals with the basic aspects of Ni electroplating and focuses on the details 
of the plating process for SU-8 and PMMA resist. Stamps made from these two resists 
are discussed, followed by a description of the method, hot embossing, which can 
transfer patterns into moldable polymers. Also discussed are the procedures needed to 
bond the patterned sample with a polymer top housing to avoid medium evaporation 
in the biological experiments.   
In chapter 4, a general description of the main points of cell culture is given, followed 
by a series of cell migration experiments, including Bovine Aortic Endothelial (BAE) 
cell movement on plain PMMA surface, on 20 µm wide groove and ridge (20 µm 
deep) substrate, and on 12 µm ridge and 18 µm groove substrate (20 µm deep).  The 
average cell speed and orientation on different scaffolds are also shown and compared. 
Chapter 5 starts from the recent studies about geometrical substrates affecting cell 
behaviour. The specific biological mechanisms associated with cell adhesion, 
migration on both plain and patterned substrates are briefly described to aid the 
understanding and interpretation of the cell migration experiments.  
The last chapter presents the conclusion of this project: proton beam micromachined 
scaffolds for cell behaviour. Some suggestions for further development are discussed. 
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Fabrication of 3D scaffolds using p-beam writing 
The 3D micromachining technique, proton beam writing, uses a high energy (MeV) 
focused proton beam to machine or modify a material, usually polymers [10]. All the 
micromachining work presented in this project was carried out using the p-beam 
writing facility at the Centre for Ion Beam Applications (CIBA), National University 
of Singapore. 
 
2.1 Centre for Ion Beam Applications and instrumentation 
In Figure 2.1, the 90o magnet is utilized to stabilize the energy of the protons 
generated by the accelerator. By using a switching magnet, three state-of-the-art beam 
lines are connected to a new 3.5 MV high brightness high voltage engineering Europa 
SingletronTM ion accelerator [11]. The beam lines have wide ranging characteristics, 
from analysis and characterization of biomedical samples and advanced materials 
using nuclear microscopy/ion beam analysis (IBA), to the device manufacturing and 
structure fabrication in the fields of microfluidics, microphotonics, microengineering 
and tissue engineering. The complete facility is displayed in Figure 2.1. In the photo 
inset, the Singletron accelerator is shown in the background (top right) and in the 
foreground is the PBM line (nearest), the nuclear microscope (middle) and the broad 































                                
                         
30o line (Nuclear Microscope) 
 
                                      10
o line (PBM) facility   
Figure 2.1 Schematic diagram of the beam line facilities at CIBA. Inset 
photograph shows the Singletron accelerator in the background and in the 
foreground is the PBM facility (10o beam line), the nuclear microscope (30o beam 
line) and the broad beam IBA/channeling facility (45o beam line). 
 
At the end of the 10o beam line, a p-beam writer is equipped and dedicated to writing 
on a micron as well as on a nano scale. This facility is the first of its kind worldwide, 
which uses the Oxford Microbeams high demagnification lenses (OM52) in a high 
excitation triplet configuration, see Figure 2.2. This lens system works with an object 
distance of 7 m and an image distance of 70 mm resulting in improved system 
demagnifications (228 × 60 in the X and Y directions respectively) compared with the 
nuclear microscope beam line [13]. 
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Samples are mounted on a computer controlled Burleigh Inchworm XYZ stage which 














particles detector  
Burleigh 
inchworm stage channeltron 
detector 
Figure 2.3 Interview of p-beam exposure station 
 
The image in Figure 2.3 shows the interior of the exposure station. There are two 
particles detectors along with the Burleigh inchworm stage. One is an annular detector 
for backscattered particles and the other one is a channeltron detector for beam 
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induced secondary electrons. These signals play key roles in p-beam writing 
technique. 
Magnetic 
scan coils Target  Quadrupole Object slits 
 
Figure 2.4 Schematic diagram of the CIBA micromachining scanning system 
Figure 2.4 displays a schematic diagram of the hardware used for p-beam 
micromachining at CIBA. The vacuum in the target chamber during the experiments 
is better than 2×10-5 mbar. A software package named OMDAQ handles the data 
acquisition, storage, analysis. Programs named Ionscan (magnetic scan) or grating 
(combined magnetic and stage scan) manages the scanning of the beam over user 
defined areas [15, 16, 17]. 
 
2.2 Proton Beam Interactions with materials 
In order to ensure the correct dose is delivered to the sample during an irradiation, a 
Rutherford Backscattering Spectrometry (RBS) detector is employed to analyze 
protons scattered from the sample surface. A schematic drawing of the geometrical 
arrangement for RBS is shown in Figure 2.5. A well-collimated monoenergetic ion 
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beam (energy Eo, ion mass M1, atomic number Z1) collides on a target which contains 
atoms of the mass M2 and the atomic number Z2. If there is more than one kind of 
atom M2, this will be indicated by M2(i) (i =1, 2 ,3 ,…). The detector registers ions 
backscattered at an angle θ in the solid angle ∆Ω dictated by the detector geometry. In 
the case of RBS the scattering angle θ is always greater than 90o [18]. 
 
Figure 2.5 Diagram of Rutherford Backscattering Spectrometry (RBS) 
MeV P BEAM 
As an  the 
                                                      
 ion penetrates a target, it slows down and its kinetic energy reduces. Since
incident ion energy (Eo) is fixed, the measured energy represents the energy loss in 
that target. The energy loss per unit length, also called energy loss, and normally 




dxx∆                                      (2.1)                       
The energy loss depends on the identity of the projectile, on the density and 
                                                        
composition of the target, and on the velocity itself. To find the range (R) of an ion 
penetrating a target, one integrates over the function (2.1). R is then given by 
∫= 0 1/Eo dEdxdER                                             (2.2)                       
MeV protons impinging on a solid material mainly lose energy through electron 
interaction, except at the end of range where large angle scattering occurs because of 
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the raised incidence of nuclear collisions. The induced secondary electrons have a 
limited range of a few nm due to the low energy transfer caused by the high mass 
ratio between proton and electron (mp/ me≈1800). In addition, the energy deposition 
caused by the interactions of protons with the target does not vary appreciably except 
the end of range; therefore the energy deposition along the path is almost uniform [17]. 



























Figure 2.6 Schematic image of proton beam track in thick PMMA 
 
Figure 2.7 depicts an SRIM simulation otons in a 10 
µm thic  as the 
 of he energy loss of 2 MeV prt
k PMMA resist coated on a Si substrate with a 200 nm layer of gold
base layer [10, 20]. The distribution of energy deposited with depth describes an 
almost linear energy deposition with depth in the resist layer for the initial stages of 
the beam path. This feature also means that a polymer patterned with a proton beam 
has an almost constant number of chain scissions or cross links for PMMA and SU-8 
respectively [10, 21, 22]. 
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Figure 2.7 SRIM2003 Simulation of 2000 protons (2 MeV) incident on a 10 µm 
PMMA layer spin coated on a Silicon wafer with a 200 nm Au layer deposited on 
top. This figure shows an almost linear energy deposition in the PMMA layer can 
be achieved with MeV protons. 
urrently there are two scanning methods, magnetic scanning and magnetic+stage 
 fabrication. During magnetic scanning, the 
 
2.3 Proton beam stage scanning 
C
scanning which we can use in scaffold
beam is scanned over the resist in a digitized pattern by a set of electromagnetic scan 
coils which are placed in front of the quadrupole lens system. In this way a scan area 
up to 1×1 mm2 can be achieved. In tissue engineering typically, large structured areas 
(e.g. 5×5 mm2) are needed, this can be achieved by writing structures using 
magnetic+stage scanning which allows the beam to scan over the sample surface in 
the full 25×25 mm2 range of stage [13]. Generally, two scanning directions can be 













                            (a)                                                                       (b) 
 
igure 2.8 P owed by the beam in 
mode, magetic scanning performs in X-direction while the stage moves in Y-
on, the stage 
ovement in X-direction. The dashed lines show that beam is blocked while 
e stage moves vertically. The “step size” is the width of a groove plus a ridge. 













F ath foll magnetic+stage scan mode (a) X-scan 
direction. (b) Y-scan mode, magnetic scanning in Y-directi
m
stage changes from one channel to the next. 
 
In X-scan mode, the focused p-beam is magnetically scanned in the X direction and 
th
Similarly in Y-scan mode magnetic scan and stage scan are reversed. The scan 
software developed by Andrew Bettiol of CIBA for this magnetic+stage scanning is 
named grating which is designed to be user friendly, fabricating many grooves with 
constant separation. In a p-beam exposure, parameters are set like the example in 
Figure 2.9 resulting in a Y-scan mode. The beam begins from the X and Y start 
coordinates and stops at the finish point. 
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Figure 2.9 Parameters setting in grating program for Y-scan mode 
To prevent the deposition in the sample of any wanted dose we used a beam blanking 
system, where the beam is deflected out of the normal beam path using the field 
generated between a set of electrostatic plates, see the “beam blanking plates” in 
Figure 2.4. During blanking, the scan coils field is changed at the same rate used to 
expose figures. The switching time for blanking is typically less than 1 µs [17]. The 
improvement established with the blanking system is clearly visible in Figure 2.10. 
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60 µm 60 µm 
                                         (a)                                                         (b) 
 
Figure 2.10 Optical micrographs of gratings produced in a 2 µm SU-8 layer on a 
Si wafer. In (a) no beam blanking was employed and in (b) beam blanking was 
employed.  
 
The stage speed is calculated from the channel length and the writing time of each 
channel.  
                            )(
)()/(
stime






Figure 2.11 Simplified repres
A correct exposure level at a g
adjustment of the “stage speed”. I
slower scanning speed is needed. 
requires a shorter scanning period. A
of the irradiation dose correct and fa
In the grating software, the “stage 
which is used to influence how fast 
the stage scan direction. The width 




speed Bentation of beam path on polymer surface 
iven proton beam current requires continuous 
f the incident current is lower than required, a 
On the contrary, a higher incident beam current 
n optimized scanning time is chosen to keep both 
brication efficient. 
speed” is also used to decide the “update time”, 
the beam is scanned magnetically perpendicular to 
of the channel is decided by the number of pixels 
 512). 256 pixels are generally set to represent the 
16
CHAPTER 2. FABRICATION OF 3D SCAFFOLDS USING P-BEAM WRITING 
width of channels. A typical beam path on polymer is displayed in Figure 2.11. 
Generally when the beam area overlaps more than 80%, the exposure results in 
smooth sidewalls after development. In the case of 1 µm diameter beam spot, the 
vertical movement for the beam to scan from one side of the channel (point A) to the 
other side and back (point B) is constant at (1-80%)×1 µm =0.2 µm. The “update 
time” can be calculated as:     




umtimeupdate ××=                  (2.4) 
 
2.4 Polymers fabrication by proton beam writing 
For tissue culture, there are evident advantages in utilizing a biodegradable or 
biocompatible material. Because when a piece of foreign material is implanted into 
the body, it may either result in a strong inflammatory reaction (as a thorn does) or it 
may become encapsulated with fibrous material (as say a pacemaker does) or it may 
be ignored by the surrounding tissue (which happens with fine electrodes of noble 
metals). Most of the suitable materials are polymers [23]. As we have investigated 
that fibroblast cells can attach and grow very well on the surface of 
Polymethylmethacrylate (PMMA) [1], we continued to fabricate it into micro grooves 
and ridges structures as 3D scaffolds for endothelial cells. 
 
2.4.1 Thick PMMA 
PMMA is a long chain molecule with a monomer structure shown in Figure 2.12.  
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Figure 2.12 Monomer structure of PMMA 
 
Figure 2.13 Mechanism of radiation-induced chain scission in PMMA. Homolysis 
of the main chain carbonyl carbon bond occurs as the initial step. Acylcarbon-
oxygen, σ-bond homolysis also takes place, but rapid decarbonylation ultimately 
leads to the same indicated products.  
 
Upon exposure to ionizing radiation, both the main chain and bonds to side groups 
can be scissioned [24]. PMMA undergoes main chain scission when exposed to a 
proton beam as shown in Figure 2.13 [25]. The scission process lowers the local 
molecular weight and renders these sections soluble in liquid developer. This 
behaviour does not extend to infinite dose, however; at higher exposure, cross linking 
in PMMA begins to dominate and the resist becomes less soluble [26]. 
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The depth of the micro patterns in PMMA can be precisely controlled by varying the 
proton beam energy [27]. The different heights of structure associated with specific 
energy are listed in Table 2.1 [20]. 
 
















The fabrication of micro grooves and ridges patterns are aimed at the studies of cells 
migration on geometrical scaffolds. Figure 2.14 shows the schematic representation of 
a Bovine Aortic Endothelial (BAE) cell studied in migration experiment which is 
approximately 10 µm wide and 30 µm long. 
 
Figure 2.14 Schematic representation of the Bovine Aortic Endothelial (BAE) 
Cell dimension 
 
Therefore we expect these cells confined to geometries of similar dimensions to 
influence cellular behaviour; a schematic representation of the micro patterns is 
shown in Figure 2.15 [28]. The first PMMA scaffold fabricated has 20 µm wide 
grooves and ridges, the depth of the grooves are constant at 20 µm, which are decided 
by the p-beam energy, 1 MeV.  The dimensions of the micro pattern are compatible 
with endothelial cell dimensions, see Figure 2.15. 
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Figure 2.15 Schematic representation of the production process of micro 
patterns and the dimensions of micro grooves and ridges are described in terms 
of groove width (Gw), ridge width (Rw) and groove depth (Gd).  
 
As shown in Figure 2.15, a piece of PMMA, approximately 1×1cm2, 2 mm thick, was 
exposed to 1 MeV protons at a focused beam size of 1×1 µm2. The scan size was kept 
at 20 µm which decided the width of the grooves to be 20 µm. The dose needed for 
the irradiation by 1 MeV p-beam was 60 (nC/mm2).  
Typically, the development of the PMMA consists of the following basic steps [29]: 
(i) Development: Approximately 30 min with a temperature of 35~39oC, with mild 
agitation, in 60% Diethylene Glycol Monobutyl Ether, 20% Morpholine, 5% 
Ethanolamine, 15% Water.  
(ii) Rinse: 5 min in deionized (DI)  water  
(iii) Wash: 30 min in DI water 
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60 µm60 µm 
                                        (a)                                                       (b) 
Figure 2.16 One piece of PMMA (2mm thick) exposed by 1 MeV p-beam (1 µm 
spot size) at a dose of 60 (nC/mm2). (a) with irradiation, before chemical 
development, (b) after development 
 
Figure 2.17 PMMA sample exposed by 1 MeV pro
Higher levels of exposure result in the increasing
grooves which is due to a peak in the deposited ener
proton range.  Features like pot holes are evident clo
[29]. Figure 2.17 indicates bubble formation in PM
protons at a dose of 100 (nC/mm2). 
 
2.4.2 PMMA resist 
Although P-Beam writing is a relatively fast techniq
be used for mass production of microstructures [22].
stamp by electroplating the original pattern that is f
 50 µm
 
tons at a dose of 100 (nC/mm2) 
 destruction the bottom of the 
gy density towards the end of the 
se to the bottom of the structure 
MA sample irradiated by 1 MeV 
ue (1500 s/mm2), it still can not 
 For this it is effective to make a 
irst fabricated in a polymer layer 
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on a Si wafer coated with one or more metal seed layer(s). The stamp can then be 
utilized to emboss multiple copies of the structure in a given polymer [10]. 
In our project the dimensions of the micro patterns must be compatible with 
endothelial cell’s dimensions which are about 10 µm wide and 30 µm long. Therefore 
we aim to produce a stamp with a height of 7~10 µm and the widths of grooves and 
ridges are maintained at 20 µm. The height of the structure is exactly the same as the 
thickness of the resist layer. It is not easy to coat thick PMMA layers, e.g. 10µm, on a 
Si substrate. Thicker PMMA resist has reduced adhesion to the Si substrate and will 
easily peel off during development and electroplating process. 
In order to promote PMMA adhesion, a layer of hexamethyldisilizane (HMDS) was 
deposited first as a promoter before spin-coating PMMA resist on the Si substrate, 
which has a seed layer of Cu (200nm). The HMDS coating process is shown in Figure 
2.18. To dehydrate the surface, the Cu coated (200nm) silicon substrate is baked at 

























Figure 2.18 Plot of coating speed with time for a thin layer of HMDS 
 
In order to achieve and stabilize a 10 µm thick PMMA resist, the whole coating cycle 
is repeated three times at a lower speed. The spin coating conditions and steps are: 
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(1) Static Dispense: Approximately 1ml of PMMA 950 (950K molecular weight, 11% 
in anisol) resist per inch of substrate diameter. 
(2) Spread Cycle: Ramp to 500 rpm at 250 rpm/second acceleration. This will take 2 
seconds. 
(3) Spin Cycle: Ramp to a final spin speed of 1000 rpm at an acceleration of 250 
rpm/second and hold for a total of 90 seconds. 























Figure 2.19 Spin-coating cycle for 10 µm thick PMMA 950 
After each time the resist has been applied to the substrate, it must be soft baked to 
evaporate the solvent and densify the film at 180oC for 3 min [30]. The PMMA spin 
coating process is shown in Figure 2.19. 
The proton dose used to expose this PMMA resist was 150 nC/mm2, which makes 
sure the sample can be developed using a mixture of Isopropyl alcohol (IPA) and 
water in the ratio of 7:3 and rinsed in DI water. The lower viscosity of the IPA-water 
developer causes an easier removal of exposed region, particularly for sub-micron 
structures. The development time varied depending on the thickness of the polymer 
layer and the dose irradiated to the sample [10]. Figure 2.20 describes the fabrication 
process for PMMA resist. 
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Figure 2.20 The micropatterns fabrication process for PMMA resist. (a) Coating 
of the 200nm Cu layer on Si substrate. (b) Spin coating PMMA resist. (c) Proton 
beam exposure. (d) Chemical development 
 
Figure 2.21 shows the structure with 20 µm wide grooves separated with 20 µm 
ridges, which were fabricated by 2MeV protons at a dose of 150 nC/mm2 and then 
dissolved with IPA-water developer. We observed that if the sample was dissolved in 
developer longer than 3min, a few cracks formed at the ends of channels, see Figure 
2.21 (b). These cracks were probably caused by the stress existing in thick PMMA 
layer (e.g. 10µm).  
 24
CHAPTER 2. FABRICATION OF 3D SCAFFOLDS USING P-BEAM WRITING 
                          
60 µm 50 µm 
                                  (a)                                                                    (b) 
 
Figure 2.21 (a) PMMA patterns which have 20, 20, 10 µm for the widths of 
grooves, ridges and the depth of structure, with a developing time 3 min; (b) 
Cracks appear at the end of some channels when sample was developed for 4min. 
 
In a second trial experiment, exposed PMMA resist was dissolved after 3min in the 
IPA-water developer, see Figure 2.22. In order to avoid the formation of cracks, no 
further development was performed.  
Figure 2.22 PMMA patte
ridges and the depth of st
 
2.4.3 SU-8 resist 
In the case of PMMA chai
protons. The resulting dam
molecular weight, are then
therefore is a positive resis
On the other hand, the ne
nano structure fabrication 
 60 µm
 
rns which have 20, 20, 10 µm for the widths of grooves, 
ructure with a development time 3 min. 
n scissioning occurs when the sample is exposed with MeV 
aged regions, consisting of molecular chains with lower 
 selectively removed by using a suitable developer. PMMA 
t under proton irradiation [21]. 
gative resist, SU-8, is also very suitable for the micro or 
with high aspect ratio. SU-8 is a kind of negative-imaging 
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epoxy-type photoresist containing multifunctional highly branched polymeric epoxy 
resin, which is dissolved in an organic solvent, along with a photoacid generator.  
A single molecule typically consists of 8 epoxy groups (hence the 8 in SU-8) in a 
bisphenol A novolac glycidyl ether [31]. The term epoxy is a referring to a bridge 
containing an oxygen atom bonded to two other groups of atoms, generally carbon, 
already united in some way. Such a structure is called epoxy ring which is shown in 





          (a) 
 
 
                                           (b)  
Figure 2.23 (a) Epoxy ring. (b) Chemical structure of glycidyl ether of bisphenol 
A (SU-8) 
 
The SU-8 molecule crosslinks with P-beam exposure. Crosslinking is a process to 
transform from a low molecular weight material to a highly crosslinked network,  
which is why the irradiated area is harder to remove compared with the unexposed 
area.  
It is easy to apply a thick SU-8 layer (e.g. 7~10 µm) on Si substrates at a depth 
compatible with cell dimensions. Before SU-8 spin coating, the Si wafer has been 
coated with a thin conducting Cu (200nm) and Cr (20nm) layer. The Cr layer was 
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sputtered first to promote the adhesion of the Cu layer. In order to dehydrate the 
coated Si , it was baked at 95oC on hotplate for approximately 30min.   
The spin-coating conditions and steps for a layer of 7 µm SU-8 5 (MICROCHEM) 
resist are as following [33]: 
(1) Static Dispense: Approximately 1ml of SU-8 5 per inch of substrate diameter. 
(2) Spread Cycle: Ramp to 500 rpm at 250 rpm/second acceleration and hold for 5 
seconds. This will take a total of 7 seconds. 
(3) Spin Cycle: Ramp to a final spin speed of 3000 rpm at an acceleration of 500 
rpm/second and hold for a total of 30 seconds. 
(4) End: Go down to 0 rpm at a deceleration of 500 rpm/second. 

























Figure 2.24 Plot of spin-coating speed with time for a layer of 7 µm thick SU-8 
resist  
 
After the SU-8 resist has been applied on the wafer, the substrate was baked at 95oC 
for 3 min in order to evaporate the solvent and densify the film. 
The fabrication process for SU-8 resist is shown in Figure 2.25. A dose of 30 (nc/mm2) 
is needed for full crosslinking with 2 MeV protons. After irradiation Nano developer 
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(MICROCHEM) is typically employed at room temperature to selectively remove the 
unexposed areas, making SU-8 a negative resist [21]. 
 
Figure 2.25 Fabrication process for SU-8 resist. (a) Coating of 200nm Cu and 
20nm Cr layer on Si substrate. (b) Spin coating SU-8 resist. (c) Proton beam 
exposure. (d) Chemical development for SU-8 resist 
 
The micro grooves and ridges fabricated in SU-8 resist are shown in Figure 2.26. The 
widths of ridges are maintained at 20 µm by 2 MeV p-beam focused down to a spot 
size of 1 µm. 
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Figure 2.26 Pattern fabricated by PBW in 7um thick 

















SU-8 resist on Si wafer. The 
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Chapter 3 
Fabrication of multiple copies of 3D scaffolds using hot 
embossing 
 
Although proton beam writing has many advantages in fabricating 3D micro patterns 
in polymers directly, a major problem is about efficiently producing multiple copies 
of large area substrates, which are required for further biological analysis, such as 
monitoring gene expression.  In order to extend the potential of proton beam writing, 
the first step is using p-beam to fabricate micro patterns on resist, which will later be 
deposited with metal in electroplating to make a stamp. And finally, an inverse 
structure can be created in a moldable polymer by hot embossing. 
 
3.1 Ni electroplating 
Electroplating is defined as an electrochemical process of surface treatment. A 
metallic layer with controlled thickness is deposited on a conductive substrate. 
Common plating metals include: Cadmium, Chromium, Copper, Gold, Nickel, Silver 
and their alloys [34].  
In this project, electroplating plays an important role in making stamps from the micro 
structures fabricated in resist on a Si wafer. In the CIBA clean room (103 P/ft3), a 
Nickel plating machine (TECHNOTRANS) is employed to fabricate stamps or molds 
for multiple scaffolds production. Nickel plating is similar to other electroplating 
processes that utilize soluble metal anodes. It requires the flow of direct current 
between two electrodes that are submerged in a conductive, aqueous nickel solution. 
The passage of current causes one of the electrodes (the anode) to dissolve and the 
other electrode (the cathode) to become covered with nickel. Generally, the object is 
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located as a negatively charged cathode. The nickel in solution is present in the form 
of divalent positively charged ions (Ni2+). By means of the current flowing, the 
positive ions combine with two electrons (2e-) and are changed to metallic nickel (Ni0) 
and deposited as a thin layer onto the surface of the object. The reverse occurs at the 
anode where metallic nickel is dissolved to form divalent positively charged ions 
which enter the solution [35]. The nickel ions discharged at the cathode are 
replenished by those formed at the anode; see Figure 3.1.  
 





The electrolyte used is Nickel sulfamate Ni(NH2SO3)2. This solution is widely utilized 
for electroforming because of the low internal stress of the deposits, high rates of 
deposition [35].
Quantitatively, the thickness (h) of Ni layer deposited on the resist is related to both 
the plating time (t) and current density (d). The current density (d) represents the 
current per unit area and expresses in the form of current (I) over a structure area (s). 
If we name K the constant number which represents the properties of the plating 
system, the equation of thickness should be: 
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HOT EMBOSSING 












IKtdKh                 (3.1) 
Here the meaning of K is the volume of the deposited Ni layer per minute and current 
on the resist structure in the plating bath. Since the K value can be achieved in the 
calibration for the plating machine, it is easy to determine the thickness of a new 
stamp according to the plating current, structure area and the deposition time set and 
the result matches the absolute calculation of the thickness. The minimum current for 
this plating machine is 0.015A. 
 
3.1.1 Electroplating of SU-8 resist structures 
Prior to the plating process, a thin film of Ti or Cu is evaporated on top of the SU-8 
structure to provide a conductive layer for electroplating. The evaporation was carried 
out using the E-beam evaporator at NUS Nanoscience and Nanotechnology Initiative 
(NUSNNI). The electron beam evaporator deposits thin metal films by means of 
electron beam heating and evaporation inside a high vacuum chamber (10-7 torr). By 
using the Univex 300 E-beam Evaporator, a 20nm Ti layer was deposited on the top 
of the structure as the electroplating base layer for the 7µm thick SU-8 photoresist 
comprising 200nm Cu and 20nm thick Cr as first seed layers. The production of a 
stamp from electroplating SU-8 resist is schematically represented in Figure 3.2. 
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HOT EMBOSSING 
 
Figure3.2 Schematical representation of stamp production from SU-8 resist (a) 
SU-8 structures. (b) Ti layer deposition. (c) Ni electroplating. (d) Detached Ni 
stamp from the original substrate. (e) chemical SU-8 removal 
 
In the electroplating process, Ni was plated on the SU-8 structure. To make the first 
layer which surrounded the SU-8 micro pattern continuous and a true negative copy 
of the structure, the whole plating process was divided into two parts. First, a lower 
current density e.g. 0.0116 A/cm2, corresponding to a low deposition rate of 0.24 
µm/min was set. Second, the current density was increased to 0.0200 A/cm2 to 
achieve a higher deposition rate of 0.41 µm/min. With this process we achieved a Ni 
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stamp with a thickness around 0.5 mm, ensuring that the stamp was firm enough to 
imprint multiple copies without deformation.  
After the plating process, the new stamp was separated from the original SU-8 
substrate. Nano Remover (MICROCHEM) was used to remove the remaining SU-8 
resist in the stamp structure in an ultrasonic bath at a temperature of 45oC.      
In Figure 3.3, it is clear that some impurity material was attached on the stamp.  
            
                              (a)                                                                       (b) 
Figure 3.3 SEM micrograph of a Ni stamp fabricated from SU-8 resist on Si 
wafer (a) image taken without tilting, (b) image taken with an angle of 20o 
between sample holder and the horizontal plane 
 
The formation of the impurity islands appearing on the stamp was thought to have 
been due to the Ti seed layer peeling off when the stamp physically separated from 
the sample. The detaching process is schematically shown in Figure 3.4.  
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Figure 3.4 Schematic representation of a stamp detachment from the original 
micromachined substrate 
 
We carried out nuclear microscopy in order to analyse the impurities present on the 
stamp. Particle Induced X-ray Emission (PIXE) confirmed that Ti was attached on the 
surface of the stamp. Figure 3.5 displays the representative X-ray spectra of the Ni 
stamp manufactured from SU-8 resist. The main elements detected in the stamp are 
the stamp metal Ni, and Ti which makes up the second seed layer for electroplating. 
Since the thickness of this Ti layer is around 20 nm, the impurity can hardly influence 
the embossing result compared with the structure depth 7 µm. 
 35

















Ti Ni Ka pile up
Ni Kb pile up




Figure 3.5 X-ray spectrum of the Ni stamp induced by 2.1 MeV protons (Filter in 
front of the X-ray detector:  300 µm Perspex with the 1 mm central hole, scan 
size: 400µm)
 
A second stamp is fabricated by plating SU-8 resist (coated with a thin layer of Ti for 
plating) on plain Si wafer without any first seed layers. Results show that the 
remaining SU-8 attached to the Ni stamp is too firm to be removed completely. Figure 
3.6 shows the stamp status after 4 days dissolving in Nano remover with Ultrasonic at 
a temperature of 45oC. Only 10 channels SU-8 of a total of 50 were removed.   
However, the complete removal of SU-8 from the substrate is a worldwide challenge. 
This is the main drawback of using SU-8 resist to make stamps. After exposure SU-8 
becomes a highly cross-linked epoxy, which makes it extremely difficult to remove 
with conventional solvent based resist strippers.  
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Because of the problems with the SU-8 removal, it is more convenient to employ the 
positive resist PMMA for stamp manufacture. The stamp fabrication from PMMA 
resist is similar to that of SU-8’s processes, see Figure 3.7. 
After p-beam exposure and chemical development, a layer of Ti is sputtered on the 
PMMA substrate to make the sample conductive for plating (For this case the E-beam 
Evaporator was not available.). Sputtering is a process to deposit metal films where a 
plasma is used to generate ions, the ions are attracted to the target, the ions impact the 
target and physically knock loose target atoms which will condense out on wafers 
placed in the chamber to form a film. Here we used the Discovery®-18 Sputtering 
System to deposit around 8 nm Ti as a second seed layer for electroplating [36]. 
Figure 3.8 shows the proton beam patterned PMMA with a layer of 8 nm Ti, sputtered 
using the sputtering system. 
 
50 µm
Figure 3.8 PMMA pattern fabricated with Ti deposition 
The whole plating process was divided into two parts. First, a lower current density 
e.g. 0.0086 A/cm2, corresponding to a low deposition rate of 0.18 µm/min was set. 
Second, the current density was increased to 0.0132 A/cm2 to achieve a higher 
deposition rate of 0.27 µm/min. With this process we achieved a Ni stamp with a 
thickness around 0.5 mm, ensuring that the stamp was firm enough to imprint 
multiple copies without deformation.  
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Figure 3.9 represents two possibilities when we detached stamps from the PMMA 
resist manually. In the case shown in Figure 3.9 (a), where Cu attaches to the 
separated Ni stamp, an acid etchant (HNO3:H3PO4:CH3COOH = 0.5:50.0:49.5 
(volume)) is used to dissolve the Cu film on the stamp. The etchant does not react 




Figure 3.9 Stamp from PMMA resist (a) proba
resulting from separation (b) no Cu covered on the 
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After the Cu etching treatment, the residual PMMA resist left in the structure of the 
stamp can normally be removed by toluene solution at 40oC within 4 hours. The SEM 
photograph of the stamp fabricated from 10 µm PMMA layer on a Si substrate is 
shown in Figure 3.10. 
 
3.1.3 Large area stamp fabrication 
A future project will involve analyzing the genes in the endothelial cells responses 
associated with geometric constraints. Therefore multiple larger area scaffolds are 
needed. As mentioned previously, it’s not efficient to fabricate them by PBW directly, 
so a large area Ni stamp with a 5×5mm2 pattern was manufactured using almost the 
same procedures as the above stamp fabrication (Cu/Cr/Si) from PMMA resist, except 
that the second seed layer for plating was Ni instead of Ti. This was observed to 
reduce the amount of the impurity since the stamp was made of Ni. There are several 
advantages of using a 2 inch wafer for stamp fabrication. According to Equation [3.1], 
it is obvious that the larger the deposited area, the larger current and relatively lower 
rate (thickness per unit time) required, which can help to make the stamp’s surface 
uniform and smooth. Secondly, the 2 inch substrate can be located in a standard 2 
inch sample holder for plating, unlike the former smaller sample which needs to be 
fixed by copper tape on the plate during Ni electroplating. This larger scale 
convenience makes the stamp detaching process from the original substrate easy and 
reduces the damage to the micro structure. 
Figure 3.11 shows an optical photography of this 5×5mm stamp, and its SEM 
photograph is displayed in Figure 3.12.  
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3.2 Hot embossing   
3.2.1 Introduction 
The hot embossing process is a low cost, fast method for the multiple reproductions of 
structures at the micro and nano scale [37]. By means of a single mold or stamp, 
identical structures can be provided as required. 
This project involves the Nano Imprinter (Technotrans AG) operating in the CIBA 
clean room. In the hot embossing process, normally the polymer sheet (which is small) 
is placed on the stamp (which is larger) to minimizing any shift in the stamp during 
the imprinting process. The placement is reversed if the polymer area is larger than 
stamp. After the polymer is located within the area of the stamp, two or three 
aluminum sheets are placed on top to cover the sandwich to transfer pressure 
uniformly. The stack is placed on the holder and heated by the hot plate. When the 
desired temperature is reached a suitable force is applied [38]. The whole process can 
be controlled by PC using the software imprinting. A schematic diagram of this hot 










Figure 3.13 Schematic view of hot embossing system 
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3.2.2 Hot embossing of polymers 
The main imprinting steps are shown in Figure 3.14. The stamp and the moldable 
polymer are placed on parallel stages. They are heated up to the embossing 
temperature, which is above the Tg (glass transition temperature) of the polymer to be 
imprinted, and left for a few minutes while the thermal equilibrium is reached [39].  
 
 
Figure 3.14 Typical process in hot embossing: (a) heating and pressing step, (b) 
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The temperature of the hot embossing process is important since above Tg viscous 
flow of the polymer occurs, while below Tg the polymer is sufficiently hard to be 
demoulded. Demoulding and separation of the stamp and the polymer take place after 
the temperature has dropped below Tg and the pressure is released [39]. 
Experiments have been carried out to achieve the optimized imprinting temperature 
range, pressure and time for several different polymers, such as PMMA, Polystyrene 
(PS) and Polycarbonate (PC). These are summarized in Table 3.1. 
Table 3.1 Overview of important hot embossing parameters of polymers. H.E.T: 
hot embossing temperature; P: pressure; t: time; D.T: demoulding temperature 
 
Polymer           H.E.T(oC) P(bar)  t(min)  D.T. (oC) 
PMMA (1.5mm)               140~160                  40                          1                          90~100 
PMMA (125µm)               100~120                  30                          1                          80 
PS (700 µm)                      100~110                  30~35                    1                          80 
PS (1 mm)                          98~105                    45                         1~2                      80 
PC (250 µm)                       140                          40                         1.5                       80 
Side wall force occurs in the temperature cooling down process, because we found 
that the stamp can move during cooling thereby introducing stress in the sides of the 








20 µm  
Figure 3.15 Optical image of PMMA (1.5mm) embossed with the Ni stamp 
(structure area 5x5mm2) at a hot embossing temperature of 140oC, pressure of 40 
bar for 1min, demoulding temperature: 80 oC 
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To overcome the side wall movement problem, we introduced a “2 step pressure 
releasing” process. The pressure is first reduced from 40 Bar to 10~15 Bar while the 
temperature is reduced to a value around Tg but higher than the demoulding 
temperature, see Figure 3.16.  
 
Figure 3.16 Revised processes of applied pressure and temperature 
 
The improvement observed through this “2 step pressure releasing” process is shown 
in Figure 3.17. In Figure 3.17 (b), the groove was imprinted by the stamp shown in (a) 
at a hot embossing temperature of 140oC, pressure of 40 Bar for 1 min. Pressure was 
reduced to 10 bar at 105oC and maintained for 15 seconds. The final demoulding is at 
0 bar at a demoulding temperature of 80oC. From scanning electron micrographs we 
observed that the side wall movement was reduced by a factor of 5. 
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Figure 3.17 (a) SEM micrograph of one ridge on the 5×5mm stamp, it is 20 µm 
wide and 10 µm high; (b) groove transferred by the stamp 
 
On the other hand, tests showed that a suitable demoulding temperature can also 
reduce the side wall movement. Figure 3.18 (a) and (b) show two patterns imprinted 
by the same stamp at the same hot embossing temperature, pressure and time but with 
different demoulding temperature. The quality of pattern in (b) improved obviously 
compared with (a). 
     
                               
60 µm   
 
 60 µm 
                                 (a)                                                                 (b) 
Figure 3.18 Patterns in PMMA (1.5 mm) imprinted by 5×5 mm2 Ni stamp at 
140oC, pressure 40 bar and time 1 min. Pressure went down to 10 bar at 105oC (a) 
demoulding temperature: 99oC; (b) demoulding temperature: 80 oC 
 
Based on experiments, we summarize that the “2 step pressure releasing” process and 
a suitable demoulding temperature (80 oC for 1.5 mm thick PMMA) can help us 
achieve better imprinting results. Also, polishing the back side of the stamp to 
increase stamp flatness can reduce the sidewall movement. 
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3.3 Bonding techniques 
Endothelial cells require a suitable growth medium in which to survive. For our 
project, which is to observe cell motility on 3D micro groove/ridge structures, it is 
necessary to bond a top housing onto the structure in order to avoid growth medium 
evaporation. We investigated methods of thermal bonding of a top housing to 
minimize evaporation. 
In Figure 3.19, the top housing is fabricated in PMMA by drilling two wells and a slot 
which connects them. The top housing can then be bonded to the PMMA substrate. In 
the migration experiment, cells will be cultured in one of the two wells and when they 
migrate to the micro patterned region, time-lapse pictures will be taken by a 
microscope equipped with a digital camera in order to monitor cell movement. 
 
side view 
top view m 
 
Figure 3.19 (a) schematic side view of bonding proce
PMMA pieces aligned. The “contact area” part is colored
 
Before the bonding process, the top housing and bottom patt
aligned and positioned on a hot plate. The important param
calculated from the bonding pressure and the contact area
  2mss; (b) top view of two 
 grey. 
erned substrate have to be 
eter, the bonding force, is 
 S. Based on tests, when 
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pressure P is greater than 2×105 Pa, the two pieces of PMMA can be bonded together 
firmly. The critical bonding temperature for bulk PMMA is above glass transition 
temperature (Tg). There is a range of temperatures at which bonding works well for 
PMMA (140~155oC). If the structure and the bonding layer are in contact at a 
temperature that is too high (i.e. significantly above the Tg of PMMA), the viscosity 
of the PMMA is too low, and it will flow into and block the ridges/grooves. On the 
other hand, if the temperature is too low (i.e. below the Tg), then the layer of PMMA 
will not be soft enough to make good contact with the structure to be bonded [40]. 
The bonding time is kept for 30 min before the temperature is reduced to room 
temperature after which the intermediate surfaces of the two polymers are sealed 
tightly. The optical photographs in Figure 3.20 show the bonding results. 
             
20 µm
                                     (a) 
                             
300 µm 300 µm
                                                                       (b) 
Figure 3.20 (a) PMMA substrate with 20 µm wide grooves and ridges, the depth 
of structure is kept at 20 µm; (b) bonding samples from PMMA substrate 
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In a future experiment analyzing mRNA of endothelial cells responses associated with 
micro grooves and ridges, we seal the large area 5×5 mm2 substrate as discussed in 
3.1.3 with a top housing which has a drilled well of 4~4.5mm diameter, see Figure 
3.21. Cell harvesting will be carried out using trypsin, an enzyme which acts chiefly 
as a digestive and lytic agent to release cells. This gene analysis will be discussed 
further in section 6.2.2. Figure 3.22 shows the bonded PMMA scaffold incorporating 





                                        
 
 





5 mm  
 
 
Figure 3.21 Schematic view of bonding embossed PMMA substrate for mRNA 
analysis 
 
                                                     
80 µm 4 mm 
                                 (a)                                                                     (b) 
 
Figure 3.22 (a) PMMA embossed by the 5×5 mm2 stamp of 20, 20, 10 µm for the 
widths of grooves, ridges and depth respectively; (b) optical photograph of a 
bonded PMMA substrate with 5×5 mm2 micro structure 
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Cell culture processes and migration experiments 
Suitable patterned substrates for cell behaviour studies are provided by either direct 
PBW or the hot embossing technique. In this chapter, we describe how cells are 
cultured on scaffolds to study their behaviour.  
 
4.1 Cell culture 
In most cases, cells or tissue must be grown in culture for days or weeks to obtain 
sufficient numbers of cells for biological studies (e.g. DNA analysis). Strict adherence 
to aseptic techniques is required to avoid contamination and potential loss of valuable 
cell lines in the maintenance of cells of long-term culture. When cells become 
confluent, they must be subcultured. Failure to subculture confluent cells generally 
causes reduced mitotic index (the number of cells per thousand cells actively dividing 
at a particular time) and eventually cell death [41]. 
In subculturing monolayers, the first step is to detach cells from the surface of the 
primary culture vessel by trypsin or mechanical methods. Then the resulting cell 
suspension is subdivided, or reseeded into fresh cultures. After cells have been 
checked for growth and fed periodically, secondary cultures may be subsequently 
done to produce tertiary cultures, etc. The time between passaging cells is on the basis 
of the growth rate and varies with the cell line [41]. 
A crucial factor influencing the growth of cells in culture is the selection of culture 
medium. Besides offering nutrients for growth and development of cells, medium is 
generally supplemented with antibiotics, fungicides, or both to inhibit contamination 
[41]. The cells we used in the migration experiment are Bovine Aortic Endothelial 
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(BAE) cells which were maintained at 35oC and 5% CO2 in CSC complete medium 
(Cell Systems Corporation, USA). 
 
4.2 Using time-lapse video camera to record cell movement 
This section deals with the mechanisms and advantages of a specialized optical 
microscope which includes a time-lapse video camera and suitable incubator for cell 
growth, and also how experiments are carried out using this time-lapse microscope. 
4.2.1 Introduction of time-lapse microscope 
A new Zeiss Axiovert 200M Light Microscope has recently been set up in the 
Department of Biological Sciences. It is especially useful in situations of long-term 
alterations in cell culture systems [42]. This fully motorized inverted microscope is 
well equipped for both transmitted light microscopy and fluorescence microscopy 










Figure 4.1 Digital picture of Zeiss Axiovert 200M Light Microscope 
This time-lapse microscope has a Phase Contrast on all objectives (5×, 10×, 20×, 40× 
and 100×) and is connected to a digital color camera (Roper CoolSnap Color). This 
CCD camera can be utilized for imaging fixed samples and for time-lapse recordings 
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of living cells. A stage heater is available for imaging living cells at a set temperature. 
The microscope is also equipped with a CO2-incubation system for live cell 
experiments. A digital deconvolution and image analysis are installed on a PC 
running Windows 2000 with Zeiss Axiovision software package [43]. 
Before seeding cells, it is necessary to sterilize the substrates fabricated by p-beam 
writing (or imprinting) in UV light for 2~3 hours. Then, approximately 1000 cells are 
seeded in the centre of one of the two small wells of the bonded top housing, see 
Figure 4.2. To keep cells properly incubated, we place the scaffold in a special 
incubator for almost 2 hours. The culturing conditions are maintained at 37OC and 5% 
CO2. After the cells have attached to the surface of PMMA, 4 mL extra medium is 
added to cover the whole scaffold, to counteract any medium evaporation. When the 
cells have migrated to the area of the micro patterns (which usually takes one or two 
days), we start time lapse photography normally at 600 seconds internals. Around 60 
frames are usually captured to describe the living cell movements, corresponding to a 
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4.2.2 Cell speed analysis program: IDL 
In order to analyze cell motility, cell speeds were calculated by an image analysis 
program IDL. All the time lapse digital photographs captured in the Zeiss Axiovision 
software package were saved in jpg format. Secondly, we opened the frames one by 
one using IDL. Figure 4.3 displays one image as an example. The scaffold shown in 
the window has 20 µm wide grooves and ridges. 
In the series of stored time lapse images, a single cell is traced and monitored in each 
picture to identify its position. Figure 4.4 schematically represents the pathway of a 
single cell among all the frames. The d1, d2 until dn represent the distances this 
individual cell covers. The average speed of this cell is the total distance it covers 
over the whole time period. In each frame, the cursor matches the position of the cell 
nucleus, and a pair of coordinates (X, Y) of this point is collected. The distance this 
cell moves between two frames is easily measured. Ten cells are selected randomly to 
be tracked in all of the 60 frames in each migration video. Based on their coordinates, 
the conversion of pixel to microns, and the constant time-lapse we set for the 
experiment, BAE cells average speeds on different surfaces are calculated.  
Figure 4.3 Example of image opened by
 100 µm 
 IDL program 
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Figure 4.4 Graph of cells pathway and calculation of average speed of every cell 
on micro grooves and ridges scaffold 
 
4.2.3 Cell migration experiments  
 
Cell migration plays a central role in a wide variety of biological phenomena. In 
embryogenesis, cellular migrations are a recurring theme in important morphogenic 
processes ranging from formation of gastrula to development of the nervous system. 
Migration of fibroblasts and vascular endothelial cells is essential for wound healing. 
In metastasis, tumor cells migrate from the initial tumor mass into the circulatory 
system, which they subsequently leave and migrate into a new site. Finally, cell 
migration is crucial to technological applications such as tissue engineering, playing 
an essential role in colonization of biomaterials scaffolding [44]. 
3D scaffolds provide the necessary support for cells to proliferate and maintain their 
differentiated function to form new tissues [45]. If we can investigate and understand 
how endothelial cells migrate, then this will help ultimate goal, to cure related 
diseases and help the manufacture of tissue engineered organs. Here we investigated 
the cellular motility of BAE cells associated with micro grooves and ridges at 
different dimensions. 
1) Plain surface 
 
Figure 4.5 Schematic overview of bonded plain PMMA sample 
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Since we are concerned about cell behaviour on micro patterned scaffolds, we first 
focus on how cells move on plain PMMA surface as comparison. In the thermal 
bonding step we discussed in chapter 3, we bonded the top housing which has two 
wells and a long connecting slot with a piece of plain PMMA, see Figure 4.5. 
BAE cells were seeded at the density 1×105 cells/ml into one of the two wells in the 
scaffold which was located in a culture dish with medium inside. After the cells had 
migrated to the slot area, the dish was shifted to the incubator on the microscope. The 
suitable incubation conditions for cells culture are 37°C and 5%CO2 to achieve a PH 
value around 7. In order to characterize the migratory pattern of cells, 60 frames were 
recorded. Time intervals between the images were kept at 600 seconds, which through 
tests was shown to be an optimal time lapse interval. Figure 4.6 shows the status of 
BAE cells spreading on plain PMMA surface. From the migration video, we observed 
that cells extended their membranes and had a random walk in all directions with a 
general trend along the connecting slot. 
 
Figure 4.6 Image of Bovine Aortic Endothelial cells migrating on plain surface  
By the means of IDL program, in order to measure cell speed more accurately, 10 
cells on plain PMMA were selected to calculate the average migration speed. It is 
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shown in Table 4.1 that cells have an average speed of 0.012(±3) µm/s on plain 
surface.  
Table 4.1: Average cell speed on plain PMMA surface 

















The same steps were performed to bond micro grooved and ridged substrate with a 
similar top housing, see Figure 4.7. The pattern is 20, 20, 20 µm for widths of grooves, 
ridges and depth respectively. The whole patterned area is kept at 2mm long and 1mm 
wide, which just fits in the slot region. The culturing conditions of the BAE cells are 
maintained the same with a temperature of 37°C and 5%CO2.  
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Figure 4.8 BAE cells migrated on 20 µm grooves/ridges 
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The process of cell migration on micro grooves and ridges was also recorded by time 
lapse microscope. We observed that cells elongated in the direction of the grooves and 
were guided by the grooves; see Figure 4.8. Cells also appeared to be more active and 
traveled faster when aligned by the grooves and ridges. 
The speed of the cells on this 20 µm groove and ridge substrate was also calculated by 
utilizing IDL program. The results are listed in Table 4.2. It is shown that cells move 
at a speed of 0.025(±8) µm/s, which is greater than cell speed on the plain surface. 
Table 4.2 Cells speeds and average speed on 20 µm groove/ridge scaffold 















A question arose at this point is whether endothelial cells respond differently to 
various dimensional grooved and ridged substrates. We repeated the same 
experimental steps on another bonded PMMA scaffold which has 18, 12, 20 µm for 






















Figure 4.9 Schematic picture for PMMA scaffold with 12 µm ridges, 18 µm 
grooves 
 
Again it was observed using time lapse video that cells also tended to align 
themselves in the direction of the grooves and ridges, see Figure 4.10. 
 
100 µm 
Figure 4.10 BAE cells movement on 12µm ridges, 18µm grooves 
The same cell speed analysis was performed as before, see Table 4.3. When plated on 
12 µm ridge and 18 µm groove substrate, cells moved at a speed of 0.015±(4) µm/s, 
which is greater than cell speed on the plain surface, but smaller than that on the 
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Table 4.3 Cells speeds and average speed on 12 µm ridges, 18 µm grooves 
 
















4.3 Cell speeds comparison on different surfaces 
Since we have calculated the average cell speed on plain PMMA surface and two 
different geometrical scaffolds, we need to ascertain whether the data are statistically 
different. T-test is a simple test used to compare two sets of data points to see if their 
means are significantly different. The threshold we use here for comparison is 5%. 
The correlation of two groups of data and P-value (probability) are shown in Table 
4.4. 
Table 4.4 Groups of data with P-value 
P value Status of two groups of data 
P value < 0.05 statistically significant 
P value>=0.05 not  statistically significant 
 
If we look at the normally distributed data or a graph, it would be similar to the plot in 
Figure 4.11 (a). For the two groups of data we intend to compare, the p-value shows 
the probability of the overlapped part of the whole area in Figure 4.11 (b). 
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                              (a)                                                                      (b) 
Figure 4.11 (a) Plot of Gaussian Distribution. (b) Schematic view of the 
distribution of two groups of data 
 
The T-test for cell average speed on plain surface and 20 µm grooves and ridges 
scaffold is shown in table 4.5. The p-value is 9.686E-5 which indicates that the cell 
speed on a plain surface is statistically different from that on 20 µm grooves/ridges. 
Table 4.5 Comparison of cells average speed on plain surface and 20 µm 
groove/ridge scaffold 
 
average speed on plain surface 
(µm/s) 
average speed on 20µm 
grooves/ridges (µm/s) 
0.012 0.025 
P value: 9.686E-5 
 
Similarly, we also compared the average speed of cells on 12 µm ridges substrate and 
plain surface. See Table 4.6. The p-value from this T-test is 0.069 which indicates that 
the cell average speed on plain surface and on 12 µm ridge, 18 µm groove scaffold are 
not significantly different. 
Table 4.6 Comparison of cells average speed on plain surface and 12 µm ridge, 
18 µm groove scaffold 
 
average speed on plain surface 
(µm/s) 




P value:  0.069 
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80 µm
Figure 4.12 Schematic representation about cells alignment on micro 
groove/ridge scaffold 
 
From the migration videos and the above two comparison, we have shown that cell 
movement is influenced by geometric constraints, which in turn leads to cell 
elongation and alignment, see Figure 4.12. It is known that the orientation of 
migrating cells within tissue plays an essential role in regulating cell behaviour in a 
range of developing structures [46]. In order to analyze cell guidance on different 
surfaces, the cell average speed (ν) is divided into a horizontal component (ridge and 
groove direction) and a vertical one, see Figure 4.13. 







Figure 4.13 division of cells average speed 
First, the speed components of the 10 cells on the plain PMMA surface are listed in 
Table 4.7. The average νx and νy are also calculated. Plots about νx, νy and also the 
mean values are presented in Figure 4.14. νx and νy are quite close to each other, this 
phenomenon confirms that cells prefer a random walk and have no orientation when 
migrating on the plain surface. As for cells on 20 µm groove/ridge and 12 µm ridge, 
18 µm groove scaffold, the same speed components are compared. The νx, νy and their 
average values are presented in Table 4.8, 4.9 and Figure 4.15, 4.16. 
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mean of Speed X
mean of Speed Y
Cell # Speed X (µm/s) Speed Y(µm/s) 
1 0.010 0.010 
2 0.011 0.010 
3 0.008 0.009 
4 0.006 0.004 
5 0.008 0.008 
6 0.008 0.007 
7 0.009 0.007 
8 0.008 0.007 
9 0.008 0.007 
10 0.005 0.008 
Average 
(µm/s) 0.008±(2) 0.008±(2) 
Table 4.7 Cell speed components 
on plain surface 
 
Cell # Speed X (µm/s) Speed Y (µm/s)
1 0.031 0.004 
 2 0.024 0.007 
3 0.023 0.004 
4 0.021 0.005 
5 0.024 0.009 
6 0.020 0.002 
7 0.025 0.004 
8 0.015 0.010 
9 0.018 0.008 
10 0.025 0.005 
 Average 
(µm/s) 0.023±(4) 0.006±(3) 
Table 4.8 Cell speed components on 20 
µm grooves/ridges 
   
 
Figure 4.14 Speed X (νx) and 

































Figure 4.15 Speed X (νx) and 



































Cell # Speed X (µm/s) Speed Y (µm/s)
1 0.014 0.004 
2 0.016 0.004 
3 0.014 0.003 
4 0.021 0.004 
5 0.014 0.003 
6 0.006 0.002 
7 0.010 0.003 
8 0.014 0.004 
9 0.013 0.007 
10 0.011 0.003 
Average 
(µm/s) 0.013±(4) 0.004±(2) 
Table 4.9 Cell speed components on 12 
µm ridges and 18 µm grooves substrate 
Figure 4.16 Speed X (νx) and Speed 
Y (νy) of 10 cells on 12 µm ridges, 




From the cells migration videos we observed that the BAE cells were highly aligned 
and mainly moved in the groove/ridge direction. Videos also showed that cells seldom 
crossed the grooves and ridges. Based on these phenomena and in order to study how 
cells change their speed depending on various micro grooves and ridges dimensions, 
we did T-test to compare speeds in groove/ridge direction and vertical direction for 
cells on the two scaffolds. First, in Table 4.10, it is clear that on 20 µm groove/ridge 
scaffold cell speed in the groove/ridge direction is statistically different from that on 
the other scaffold which has 12 µm ridges and 18 µm grooves. 
Table 4.10 T-test about cells speeds in horizontal groove/ridge direction on 20 
µm groove/ridge scaffold and 12 µm ridge, 18 µm groove scaffold 
 
average Speed X on 20µm 
grooves/ridges (µm/s) 
average Speed X on 12µm 
ridges, 18 µm grooves (µm/s) 
0.023 0.013 
P value: 1.040E-4 
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T-test was also carried out to compare speeds in vertical direction for cells on the 20 
µm grooves/ridges scaffold and 12 µm ridge, 18 µm groove scaffold. The p-value 
shows that these two sets of data are significantly different, see Table 4.11. 
Table 4.11 T-test about cells speeds in vertical direction on 20 µm groove/ridge 
scaffold and 12 µm ridge, 18 µm groove scaffold 
 
average Speed Y on 20µm 
grooves/ridges (µm/s) 
average Speed Y on 12µm 
ridges, 18 µm grooves (µm/s) 
0.006 0.004 
P value:  0.028 
 
The comparison in Table 4.10 and 4.11 shows that the geometrical scaffolds can 
influence cell speed differently. 
The directional movement of each single cell can also be analyzed by the calculated 
guidance angle between cell migration and the direction of grooves. The average 



























Figure 4.17 The average angles between cells movement and the direction of 
grooves on plain surface, 20 µm grooves/ridges and 12 µm ridges, 18 µm grooves. 
 
If the cells are not guided, the average angle is around 45o. This means that cells move 
in a random direction. On the contrary, if they are all aligned with the grooves or 
ridges, the average angle is rather low, it is about 18o on 20 µm grooves/ridges and 
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24o on 12 µm ridges and 18 µm grooves. The lower the average angle, the better the 





Discussion and summary of geometric influences on cell 
behaviour 
 
The cell migration experiments on different surfaces tell us that the endothelial cells 
are greatly influenced by grooved and ridged scaffolds, in particular, movement, 
elongation and alignment. In this chapter, recent work in this area worldwide is 
described and cell behaviour associated with 3D substrates will also be explained by 
using a simple cellular mechanism. 
 
5.1 Background of cell behaviour on micro grooved/ridged surfaces 
The realization that the geometry of the substrate on which cells are seeding and 
growing can affect their shapes and movement goes back at least to the 1930s. For the 
fabrication of microtextured surfaces, several techniques can be applied. The 
patterned materials were initially produced in silica or silicon by optical lithography, 
and methods of casting or embossing these surfaces into a variety of moldable 
polymers have emerged [6]. The main fabrication methods in use in this field at 
present are listed in Table 5.1. Compared with the other fabrication methods, proton 
beam writing has the advantage of being the only true 3D direct-writing process, and 
has proven to be very useful in fabricating microstructures with sharp edges, smooth  
and vertical sidewalls. 
Table 5.1: Fabrication methods of microtextured surfaces 
 
Photolithography usually followed by dry etching (i.e. UV-lithography) 
Electron-beam writing and etching process 
Proton-beam writing to produce 3D patterns directly 
Microcontact printing (µCP)  
Moldable polymers imprinted by a stamp or mold 
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Some of the responses of cells to substrate topography are listed in Table 5.2 [6]. 
 





Activation of phagocytosis 
Orientation of the cytoskeleton 
 
Most studies, such as those carried out by von Recum and von Kooten [48, 49], Curtis 
and Wilkinson [50], and Oakley [51] and Brunette [52], have described the effects of 
‘micro grooves/ridges’ on cell lines such as fibroblasts, epithelial cells, and 
endothelial cells. The majority of the research has shown that cells will be aligned 
with the grooves/ridges, and their depths and widths play key roles in the degree of 
alignment. An understanding of the factors that influence cell alignment and 
movement is crucial not only in developmental biology, but is also important in tissue 
engineering. If tissue needs to be repaired, the new cells must be positioned and 
aligned precisely. The reconstruction of organs is even more demanding; here 
different types of cells have to be aligned correctly to each other, and the whole 
combination of tissue cells, blood cell vessels and sensory cells (e.g. nerve cells) have 
to integrate together [53, 54]. 
The migration of endothelial cells especially plays an important role in vascular 
remodeling, like angiogenesis for tissue regeneration, and wound healing following 
balloon angioplasty and bypass surgery [55]. 
The processes, including the migrating endothelial cells adhesion to the surrounding 
extracellular matrix (ECM) and acquiring a lumen, are regulated by synergistic 
activity of various growth factors as well as integrin-mediated signaling and 
 68
CHAPTER 5. DISCUSSION AND SUMMARY OF GEOMETRIC INFLUENCE ON 
CELL BEHAVIOUR 
modulation of cell-matrix interactions [56]. Finally, the blood vessel structures are 
stabilized and the endothelial cells obtain a quiescent phenotype, see Figure 5.1 [57]. 
Vascular integrity is maintained through survival signals generated by growth factors 
and shear stress [58, 59]. 
 
Figure 5.1 Cellular events in angiogenesis. Tumor cells, immune cells and 
fibroblasts generate growth factors and proteases, which induce degradation of 
the vascular BM and formation of the provisional matrix. These changes 
promote the proliferation and migration of endothelial cells. The migrating 
endothelial cells adhere to the surrounding ECM, form tubular structures, and 
acquire a lumen. The vessel structures are stabilized by the creation of the 
mature BM and the recruitment of pericytes. Fragments of the degraded BM are 
crucial regulators of these processes. Modified from. MMPs, matrix 
metalloproteinases; VEGF, vascular endothelial growth factor; bFGF, basic 





One of the main practical ends of studies of endothelial cell behaviour on geometric 
substrates is to be able to understand how cells migrate in the body in 3D structures 
and to apply this in the production of devices for tissue repair [60]. Therefore we 
investigated BAE cell movements on grooved and ridged scaffold fabricated by direct 
PBW to study the cell response associated with the geometrical constraints.  
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5.2 Cells adhesion and migration 
When cells migrate in the body they do so by gliding or crawling over the surfaces of 
other cells or the ECM. Their adhesion with a solid substrate is essential for such 
movements, both to provide a platform for the forward protrusion of the leading edge 
of the cell and to obtain anchorage to which its trailing regions are drawn [61]. 
5.2.1 Introduction 
1) Adhesion 
Attachment, or adhesion of cell to the substrate, is necessary for cell crawling. New 
sites of attachment must be formed at the front of a cell. Interestingly, contacts at the 
rear are sometimes too tight to be detached, and the tail of the cell actually breaks off 
as the cell pulls the rear forward [62]. 
In a single cell, cytoskeleton is a complex network of interconnected filaments and 
tubules that extends throughout the cytosol, from the nucleus to the inner surface of 
the plasms membrane. The three major structural elements of the cytoskeleton are 
microtubules, microfilaments, and intermediate filaments. In cellular attachment, 
integrins are the transmembrane proteins with the role of integrating the cytoskeleton 
with the extracellular matrix [62]. 
How firmly a cell attaches to the substrate influences how quickly it can crawl. 
Having fewer integrins near the rear of the cell may make detachment of the trailing 
edge easier; generally, many attachments result in poor movement. It is also likely 
that whether or not and how firmly a cell is attached to the underlying substrate helps 
to keep the balance between the processes of retrograde flow and addition of actin (a 
cellular protein especially found in microfilament) subunit [62]. 
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2) Migration 
Cell migration is important to many biological and pathological processes, such as 
embryogenesis, the inflammatory response, tissue repair and regeneration, cancer, 
arthritis, atherosclerosis, osteoporosis and congenital developmental brain defects, etc. 
Not surprisingly, there is much interest in understanding the molecular basis of cell 
migration since this could serve as new therapeutic strategies for various pathological 
processes. However understanding migration is challenging, because of the required 
integration and temporal coordination of many different processes that take place in 
spatially distinct locations in the cell [63]. 
Studies have shown that cytoskeleton of cells provides an intracellular scaffolding 
that organizes structures within the cell and shapes the cell itself. This scaffolding also 
plays a dynamic role in cell motility [62]. In this chapter, we will discuss the role of 
these cytoskeletal elements in cellular mobility.  
The movement of a single cell can perform as following steps: 
(i) extension of a protrusion at the cell’s leading edge; (ii) attachment of the 
protrusion to the substrate; (iii) generation of tension, which pulls the cell forward; 
and (iv) release of attachments and retraction of the “tail” of the cell, translocating the 
cell body forward [60]. These events are summarized in Figure 5.2. 
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Figure 5.2 The steps of cell crawling. Several different processes are involved in 
cell crawling, including cell protrusion, attachment, and contractile activities. 
Illustrated schmetically here in a macrophage, (i) The leading edge of the cell 
forms protrusions (lamellipodia) that extend in the direction of travel; (ii) These 
protrusions can adhere to the substrate, or they can be pulled upward and back 
toward the cell body; (iii) When the protrusions adhere, they provide anchorage 
points for actin filaments; (iv) Tension on the actin filaments can then cause the 
rest of the cell to pull forward. When the cell adheres very tightly to its substrate, 
a piece of the tail may break off and be left behind as the cell crawls forward. 
 
The migration of endothelial cells is a complicated process that involves dynamic and 
coordinated changes in cytoskeleton organization, signal transduction, and cell 
adhesions to neighboring cells and extracellular matrix (ECM). A typical migration 
process includes the same steps: extension of the leading edge, adhesion to the matrix, 
contraction of the cytoplasm, and release of adhesions at the rear [55]. 
 
5.2.2 Cells on plain surface 
Cells moving on a flat surface show random walk in all directions so far studied in the 
absence of other stimulus factors such as chemical, electrical or other oriented signal 
gradients [60]. Figure 5.3 shows the status of BAE cells attaching on plain 
Polystyrene culture dish after 2 hours. This cellular movement is random and the cells 
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are continually changing their directions. We can not predict precisely where the cell 
will be at any time [61].  
 
Figure 5.3 BAE cells growing and attaching on plain polystyrene culture dish 
 
We divided the cells speed into the horizontal (also the groove/ridge direction) 
component (Speed X) and vertical component (Speed Y). The average Speed X and 
Speed Y are equal for cell migration on a plain PMMA surface. This phenomenon can 
























Figure 5.4 The average speeds in the direction of horizontal (Speed X) and 
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5.2.3 Cells on grooves and ridges  
Cells moving on topographies such as grooves and ridges often show highly oriented 
movement and this behaviour frequently becomes effectively one-dimensional, see 
Figure 5.5 [60]. 
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Figure 5.6 The average speeds in the direction of horizontal (Speed X) and 
vertical (Speed Y) of cells on 20 µm grooves/ridges. The grooves and ridges are 
parallel to the horizontal direction. 
 























Figure 5.7 The average speeds in the direction of horizontal (Speed X) and 
vertical (Speed Y) of cells on 12 µm ridges, 18 µm grooves. The grooves and 
ridges are parallel to the horizontal direction. 
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Calculation based on cells growing on 20 µm grooves and ridges has shown that the 
Speed X was significantly greater than Speed Y. See Figure 5.6. For cell migration on 
12 µm ridges and 18 µm grooves, the same phenomenon is observed, see Figure 5.7. 
These data and their correlation suggest that ECs basically migrated along the 
direction of the grooves/ridges.  
The comparison in Figure 5.8 also indicates that cell migrated predominantly in the 
direction of the grooves/ridges. This marked behaviour is associated with migrating 
































Figure 5.8 The average speeds in the direction of horizontal (Speed X) and 
vertical (Speed Y) of cells on a plain surface, 20 µm grooves/ridges and 12 µm 
ridges, 18 µm grooves. The grooves and ridges are parallel to the horizontal 
direction. 
 
Based on the T-test of cells speeds in Chapter IV, we learned that the endothelial cells 
on 20 µm grooves and ridges substrate move significantly faster than those on plain 
PMMA surface and the other scaffold which has 12 µm ridges and 18 µm grooves, 
see Figure 5.9.  
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Figure 5.9 The average cell speed on plain surface, 20 µm grooves/ridges and 12 
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Figure 5.10 The average angles between cell movement and the direction of 
grooves on plain surface, 20 µm grooves/ridges and 12 µm ridges, 18 µm grooves. 
 
Also the average angle between cell migration and the groove/ridge direction proves 
that the cells on 20 µm grooves/ridges are better aligned than those on 12 µm ridges, 
18 µm grooves, see Figure 5.10. According to the findings, we can hypothesize that 
the better the cells are aligned with micro grooves/ridges, the faster they move on the 
substrates. 
The evident response of endothelial cells associated with micro grooves and ridges 
shows that cells are inhibited in crossing grooves/ridges, the degree of inhibition or 
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the probability of crossing is probably dependent on the height of the step and the 
sharpness of the edge. Cells move by extending the membrane that surrounds them, 
and some of these protuberances touch the surface and adhere to it, thus giving a 
means whereby the cell can exert force and move itself.  
A cell’s response to the topography is depending on to what extent the feature alters 
the probability of a cell making a successful protrusion and contact in a given 
direction. The ability to make protrusions is a function of the cytoskeleton—the 
framework of microfilaments, microtubules, and intermediate filaments that are 
present inside the membrane. These microfilaments do not form a rigid skeleton but 
do supply a degree of inflexibility that works during motion of the cell [64]. 
 
5.3 Discussion 
Adhesive interactions between cells and the extracellular environment play a crucial 
role in affecting cell morphology, gene expression, and the rates of cell proliferation 
[65]. For example, we have shown that cell migration rates vary depending on the 
various dimensions of micro grooves and ridges fabricated by p-beam 
micromachining. 
This reaction of the cells to the grooves and ridges is probably reflected in their 
cytoskeleton. The internal structure of the cell works to transmit force to be able to 
move. Consisting of an internal frame of microfilaments, microtubules and 
intermediate filaments, the cytoskeleton plays this role [54]. 
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Figure 5.11 Schematic of cytoskeleton. (a) shows a cell on a flat surface; (b) 
shows the reorganisation of the micro-filaments that occurs on a grooved 
surface—the dashed lines show the line of discontinuity between the ridges and 
grooves. 
 
The marked cellular behaviour associated with micro grooves/ridges, such as 
alignment and elongation, can be well explained in terms of the reformation of the 
cytoskeleton. Figure 5.11 (a) displays a schematic of a cell on a flat surface. The 
microfilaments as shown are mainly going from the region close to the nucleus 
towards the periphery of the cell, with only a few microfilaments being lateral. On the 
other hand, when the cell is on a grooved/ridged substrate, as shown schematically in 
Figure 5.11 (b), the microfilament bundles form predominately along the direction of 
the groove. Wojciak-Stothard et al. proved this by staining using antibodies for F-
actin, the main constituent of the microfilaments, and using antibodies to reveal the 
constituent parts of the assembly that links the end of a microfilament to the 
membrane. Once a cell comes to the end of groove/ridge, in the part of the cell that 
emerges onto the flat surface, this linear organisation of the microfilaments to the 
direction of the groove is lost, as the microfilaments reform to a configuration more 
like that shown in Figure 5.11 (a) [54, 66]. 
From the experiments we can see that cells move faster and are aligned better on 
20µm grooves/ridges than cells on 12um ridges and 18um grooves. This difference 
suggests that speed of cellular movement relates to the dimensions of the micro 
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features on the surface. Endothelial cells change their shapes when they are aligned on 
the grooves and ridges; this is also why they move faster in that direction. We 
hypothesize that cells have more suitable contact areas and constraints when they 

















Chapter 6  
Conclusion and further development 
6.1 Conclusion 
 
The endothelial cell behaviour studies on the micro grooved and ridged substrates has 
proved that proton beam writing is a potential and suitable patterning technique to 
understand cell response associated with geometrical constraints. In addition, it is 
efficient and relatively cheap to produce multiple scaffolds by the hot embossing 
technique. 
We also find that when growing on the micro grooves and ridges, the endothelial cells 
elongate and orient along the channel direction. On the scaffold which has 20 µm 
grooves and ridges, endothelial cells migrate faster than cells on plain PMMA surface, 
while on 12 µm ridges and 18 µm grooves, the cell speed is almost the same 
compared with cell speed on plain surface. 
Cells on 20 µm groove/ridge substrate have better alignment than those on 12 µm 
ridge, 18 µm groove substrate. More studies are needed to confirm our hypothesis that 
the better cells are aligned with micro grooves/ridges, the faster they are able to move. 
 
6.2 Further development 
 
6.2.1 Cells migration on PMMA substrates with different 
dimensional grooves and ridges 
 
The assumption that the better the endothelial cells are aligned with the micro grooves 
and ridges, the faster they move, can be tested if a substrate shown in Figure 6.1 
which has grooves and ridges with different dimensions, like 5 µm, 15 µm, 25 µm and 
35 µm is fabricated to culture endothelial cells. The results will be especially useful to 
prove the correlation between cell speed and orientation. Since endothelial cells are 
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the explorers for blood vessel formation, the understanding of this study will also 
contribute to the inhibition or stimulation of angiogenesis which will be essential for 
organ culture or curing many diseases, like heart disease, ulcer, diabetes and tumor etc. 
grooves / ridges 
 
  25 µm  
 
 
 5 µm 
 
 15 µm 
 
 35 µm 
 
 




6.2.2 Endothelial cell gene expression associated with micro grooves 
and ridges 
 
Studies on the responsive genes of human endothelial cells will be performed and 
their roles in EC behaviour associated with geometric constraints will be analyzed 
from the gene function information available from the literature and the human 
genome project. Gene array, differential display and cDNA (complementary DNA) 
library screening will be used to identify both known and novel differentially 
expressed genes. This data will further elucidate the genetic events regulating 
capillary tube formation in a 3D scaffold environment [67]. 
This gene expression study is dependent on producing a large number of endothelial 
cells which will provide enough genes for analysis.  Therefore a large area Ni stamp 
with a micro grooved and ridged substrate area up to 1×1 cm2 will be more preferred 
than the previous one with 5×5 mm2 pattern. By means of the multiple scaffolds with 
suitable dimensional grooves and ridges, novel genes can potentially be identified and 
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their functional role in endothelial cells as well as angiogenesis will promote further 
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